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ABSTRACT
The p r e s e n t  s tu d y  to  i n v e s t i g a t e  th e  v i s i b i l i t y  o f  an o b j e c t  in  
a s p a c e  en v ir o n m en t p r e s e n t s  an a r b i t r a r y  m a th e m a tic a l m odel t h a t  i s  
u s e d  to  r e p r e s e n t  a d i f f u s e  r e f l e c t i n g  s u r f a c e .  M ethods o f  g e o m e t r i c a l  
o p t i c s  a r e  th e n  u t i l i z e d  to  c a l c u l a t e  th e  r e l a t i v e  lu m in a n ce  o f  a 
d i f f u s e  f l a t  s u r f a c e  i l lu m in a t e d  b y  a p o in t  s o u r c e  and to  exam in e th e  
r e l a t i v e  lu m in a n c e  o f  a d i f f u s e  s p h e r e  i l lu m in a t e d  b y  p a r a l l e l  l i g h t .
E x p e r im e n ta l r e s u l t s  a r e  p r e s e n t e d  to  e v a l u a t e  th e  d i f f u s i v i t y  
f a c t o r  f o r  a r e l a t i v e l y  sm ooth  s p h e r e ,  a d u l l  s p h e r e ,  and a s p h e r e  
w ith  a r e l a t i v e l y  d i f f u s e  s u r f a c e  c o a t in g .
THE VISIBILITY OF AN OBJECT
IN  A SPACE ENVIRONMENT
INTRODUCTION
I t  h a s  b een  s u s p e c t e d  t h a t  th e  a p p e a r a n c e  o f  an o b j e c t  in  a s p a c e  
en v ir o n m en t m igh t b e  s u b s t a n t i a l l y  d i f f e r e n t  from  t h a t  p r e s e n te d  in  a 
c l o s e  e a r th  e n v ir o n m e n t. The a p p ea ra n ce  o f  a r e l a t i v e l y  sm ooth s p h e r e ,  
f o r  ex a m p le , w i t h in  a n o r m a lly  l i g h t e d  room w ou ld  b e  m a in ly  on e  o f  
b r ig h t  p a tc h e s  r e p r e s e n t in g  th e  r e f l e c t i o n s  o f  th e  w indow s and l i g h t s  
w ij h in  th e  room . The r e m a in in g  a r e a s  o f  th e  s p h e r e ,  h o w e v e r , w ou ld  b e  
c l e a r l y  v i s i b l e  a s  a r e s u l t  o f  l i g h t  t h a t  i s  r e c e iv e d  from  random  
d i r e c t i o n s  b e c a u s e  o f  l i g h t  t h a t  i s  r e f l e c t e d  o r  s c a t t e r e d  o f f  th e  
w a l l s  and many o b j e c t s  w i t h in  th e  room and b e c a u s e  o f  l i g h t  t h a t  i s  
s c a t t e r e d  and d i f f u s e d  b y  d u s t ,  smoke p a r t i c l e s  e t c .  in  th e  a i r .
I n  a s p a c e  e n v ir o n m e n t, th e r e  m ig h t b e  v e r y  l i t t l e  s c a t t e r e d  o r  
random  l i g h t  from  p a r t i c l e s  o r  n e ig h b o r in g  o b j e c t s .  E x c e p t f o r  e a r t h -  
g lo w , m oonglow , and a s m a ll  amount o f  s t a r l i g h t ,  th e  m ain i l l u m i n a t i o n  
w o u ld  b e  th e  d i r e c t  r a y s  fro m  th e  su n . A sm ooth s p h e r e  w ould  th u s  
a p p ea r  o n ly  a s  a s m a ll  p o in t  o r  d i s c  ( s i n c e  th e  su n  h a s  a f i n i t e  a n g u la r  
d ia m e t e r )  and th e  r e m a in in g  a r e a s  o f  t h e  w ould  b e  e s s e n t i a l l y
i n v i s i b l e  b e c a u s e  o f  th e  d e f i c i e n c y  o f  random  or  s c a t t e r e d  l i g h t .  A 
c y l i n d e r ,  i f  p r o p e r ly  o r i e n t e d ,  w ould  a p p ea r  o n ly  a s  a l i n e  and a 
s lo w ly  r o t a t i n g  c u b e ,  f o r  e x a m p le , m igh t r a r e l y  be i n c l i n e d  so  a s  to  
r e f l e c t  any o f  th e  s u n f s  r a y s  to  an o b s e r v e r .  O b s e r v a t io n  d i f f i c u l t i e s  
a r i s i n g  from  p h y s i o l o g i c a l  e f f e c t s  (s u c h  a s  t h e  p r e s e n c e  o f  a s t i m u l u s  
f r e e  f i e l d  w hich  h in d e r s  f o c u s i n g )  w ould  b e  com pounded i f  an a p p r o a c h in g  
o b j e c t  I s  p o o r ly  v i s i b l e ,  ev en  when d e t e c t e d  and a c c u r a t e ly  l o c a t e d .
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S in c e  some m anual a s s i s t a n c e  w i l l  u n d o u b te d ly  b e  r e q u ir e d  d u r in g  
te r m in a l  and f i n a l  d o c k in g  m aneuvers in  a s p a c e  r e n d e z v o u s , i t  i s  
im p o r ta n t  to  d e v e lo p  means o f  d e te r m in in g  th e  v i s i b i l i t y  o f  an o b j e c t  
a s  w e l l  a s  to  e x p lo r e  means o f  im p ro v in g  th e  v i s i b i l i t y  o f  a r e n d e z v o u s  
o b j e c t .
The v i s i b i l i t y  o f  an o b j e c t  in  s p a c e  may b e  en h a n ced  in  a number 
o f  w a y s . For e x a m p le , a r e n d e z v o u s  v e h i c l e  may b e  eq u ip p e d  w i th  a 
number o f  a u x i l i a r y  b e a c o n s  o r  n a v ig a t io n  l i g h t s .  A lth o u g h  t h i s  m ig h t  
n o t  make th e  e n t i r e  v e h i c l e  v i s i b l e ,  i t  w ou ld  in c r e a s e  th e  number o f  
p o in t s  t h a t  c o u ld  b e  c l e a r l y  s e e n .  A n oth er  ap p roach  w o u ld  b e  to  c o a t  
th e  s u r f a c e  o f  th e  s p a c e  o b j e c t  w ith  a lu m in e s c e n t  o r  f l u o r e s c e n t  
c o a t in g .  I n  t h i s  c a s e  th e  atom s o f  th e  s u r f a c e  m a t e r ia l  w ou ld  a b so rb  
e n e r g y  ( u l t r a  v i o l e t ,  w h ich  i s  v e r y  p l e n t i f u l )  from  th e  su n  and w ou ld  
r e - r a d i a t e  a p a r t  o f  th e  e n e r g y  a t  a d i f f e r e n t  wave l e n g t h ,  ( i n  th e  
v i s i b l e  sp ec tru m ) In  t h i s  way an o b s e r v e r  w ou ld  r e c e i v e  e n e r g y  from  
p a r t s  o f  an o b j e c t  t h a t  w ou ld  n o t  n o r m a lly  b e  r e c e i v e d  b y  d i r e c t  r e f ­
l e c t i o n .  A l t e r n a t in g  s t r i p e s  o f  f l u o r e s c e n t  a n d  p h o sp h o r e s c e n t  m a t e r i a l  
on  a s l o w l y  r o t a t i n g  b o d y  c o u l d  e n a b l e  o n s  s e e  p a r t s  o f  an o b j e c t  
t h a t  w ere  n o t  in  th e  d i r e c t  r a y s  o f  th e  su n  a t  th e  t im e .
A n o t h e r  a p p r o a c h  t o  i n c r e a s e  t b s  t ! c l s 3 i U  , y o f  an o b j e c t  In  
c o a t  th e  s u r f a c e  o f  an o b j e c t  w i t h  a  v e r y  r o u g h  o r  d i f f u s e  s u r f a c e .
The rou gh  s u r f a c e  w o u ld  s c a t t e r  th e  in c i d e n t  e n e r g y  and r e f l e c t  som e 
l i g h t  i n  many d i r e c t i o n s  o t h e r  t h a n  a t  t h e  n o r m a l  o p t i c a l  r e f l e c t i o n  
d i r e c t i o n .  The p r e s e n t  s tu d y  i s  in te n d e d  to  i n v e s t i g a t e  t h e  r e f l e c t i o n  
c h a r a c t e r i s t i c s  o f  a rou gh  o r  d i f f u s e  s u r f a c e  and to  i n v e s t i g a t e  th e
v i s i b i l i t y  o f  an o b j e c t  in  a s p a c e  en v iro n m en t c o a te d  w ith  a t y p i c a l  
rough  su r fa ce .^ *
The May 2 4 ,  1962 o r b i t a l  f l i g h t  o f  a s t r o n a u t  S c o t t  C a r p e n te r  in  
A u rora  7 c a r r i e d  w ith  i t  an e x p e r im e n t in te n d e d  to  e x p e r im e n t a l ly  
i n v e s t i g a t e  th e  v i s i b i l i t y  o f  an o b j e c t  in  a sp a c e  e n v ir o n m e n t. A 
30  in c h  d ia m e te r  b a l lo o n  h a v in g  f i v e  s e g m e n ts , (e a c h  w ith  a d i f f e r e n t  
s u r f a c e  c o n d it io n )  was i n f l a t e d  and tow ed b e h in d  th e  s p a c e  c a p s u le  f o r  
v i s u a l  o b s e r v a t io n .  The s u r f a c e s  v a r i e d  from  sm ooth  (m y la r -a lu m in u m )  
to  d i f f u s e  ( f l a t  w h i t e  p a i n t )  and in c lu d e d  p h o s p h o r e s c e n t  and f l u o r e s ­
c e n t  z o n e s .
REPRESENTATION OF A DIFFUSE SURFACE
The phenom enon o f  r e f l e c t i o n  from  a s u r f a c e  h a s  b e e n  c o n s id e r e d
c l a s i c a l l y  f o r  a p e r f e c t  r e f l e c t i n g  s u r f a c e  and f o r  th e  p e r f e c t  d i f f u s e
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s u r f a c e  o f  Lam bert* The tr e a tm e n t  o f  r e f l e c t i o n  from  an in t e r m e d ia t e  
s u r f a c e  i s  n o t  g e n e r a l l y  a v a i l a b l e  and i s  c o n s id e r e d  in  th e  p r e s e n t  
s t u d y .  A m a th e m a tic a l m odel i s  p ro p o sed  to  p r o v id e  a t o o l  f o r  c a l c u l a t ­
in g  th e  r e l a t i v e  d i s t r i b u t i o n  o f  r e f l e c t e d  e n e r g y  from  a rough o r  
d i f f u s e  s u r fa c e *  The m odel p r o p o se d  m ust b e  c o n s id e r e d  o n ly  a s  a f i r s t  
s t e p  tow ard  an a d e q u a te  r e p r e s e n t a t i o n  o f  an in t e r m e d ia t e  d i f f u s e  s u r f a c e  
The m a th e m a tic a l m odel p r o p o se d  i s  i l l u s t r a t e d  in  f i g u r e  1 .  The 
s u r f a c e  i s  c o n s id e r e d  to  b e  made up o f  a g r i d  o f  s m a ll  i r r e g u l a r i t i e s  
o r  im p e r f e c t io n s ,  ea ch  i n c l i n e d  r e l a t i v e  to  th e  a v e r a g e  s u r f a c e ,  w h ich  
i s  h e r e  g iv e n  a s  th e  x z  p la n e .  The p r o j e c t i o n  o f  th e  im p e r f e c t io n s  
o n to  th e  x z  p la n e  form s a g r i d  o f  e le m e n ts  o f  d im e n s io n s  Ax and
A z. The l i n e a r  d im e n s io n s  o f  th e  s u r f a c e  e le m e n ts  a r e  assum ed to  b e
n o t  s m a ll  com pared to  th e  w ave le n g t h  o f  th e  i n c i d e n t  l i g h t .  The 
im p e r f e c t io n s  a r e  assum ed  to  b e  i n c l i n e d  a t  a n g le s  c x  and a z 
r e l a t i v e  to  th e  a v e r a g e  o r  x z  p la n e  and i t  i s  f u r t h e r  assumed t h a t  th e
d i s t r i b u t i o n  o f  v a lu e s  fo u n d  f o r  th e  a n g le s  ax  and a z  a r e  random
i n  c h a r a c t e r .  I t  may a l s o  b e  assum ed t h a t  t h e  a s s i g n e d  random n a t u r e  
o f  th e  s u r f a c e s  w i l l  n o t  r e s u l t  in  a s p a c e  c o r r e l a t e d  i n t e r f e r e n c e  
p a t t e r n  f o r  r e f l e c t e d  l i g h t .  T hus, th e  o r d in a r y  la w s  o f  r e f l e c t i o n  
f o r  ea ch  im p e r f e c t io n  a r e  assum ed to  b e  o b ey ed  i n  f u l l .
^Wood, R. W. P h y s i c a l  O p t i c s . New Y ork: The M a cm illa n  Company, 1934
I h e  form  o f  th e  random d i s t r i b u t i o n  f u n c t io n  to  b e  u se d  to  
r e p r e s e n t  a x  and a 2  m ust f i r s t  b e  d e te r m in e d . The "norm al" o r  
G a u s s ia n 2 p r o b a b i l i t y  d e n s i t y  f u n c t io n
a 2
Pn <a > = £■
2cr2
cr J  2rr
i s  f i r s t  ex a m in ed . T h is  d i s t r i b u t i o n  i s  p l o t t e d  f o r  s e v e r a l  v a lu e s  
o f  cr in  f i g u r e  2 ( a )  and ( b ) .  T h is  d i s t r i b u t i o n  i s  s e e n  to  p r e d i c t  
a r e s u l t  th a t  i s  n o t  a c c e p t a b le  w ith o u t  m o d i f i c a t io n ,  s i n c e  i t  y i e l d s  
a s m a l l ,  b u t  f i n i t e  p r o b a b i l i t y  o f  f in d in g  v a lu e s  o f  a  g r e a t e r  th a n  
1 8 0 ° ,  f o r  ex a m p le . P h y s ic a l  m easu rem en ts o f  m a c r o sc o p ic  s u r f a c e s ^  
h a v e  te n d e d  to  i n d i c a t e  t h a t  s u r f a c e s  o b e y  a norm al d i s t r i b u t i o n  f o r  
th e  in c r e m e n ta l  d is p la c e m e n t  o f  th e  s u r f a c e  and h e n c e , th e  ta n g e n t  o f  
th e  a n g le ,  t h a t  i s ,
tan ^  a 
2 a2
pn ( t a n  a )  = e__________  C l)
o - / 2 t7
H ie v a lu e s  o f  pn ( t a n  a )  a s  a f u n c t io n  o f  ta n  a w o u ld , o f  c o u r s e ,  
b e  th e  same a s  t h a t  shown in  f i g u r e  2 ( a )  and (b )  f o r  pn ( a )  v e r s u s  a, 
The d i s t r i b u t i o n  pn( tan  a )  p l o t t e d  v e r s u s  a i s  d i f f e r e n t ,  h o w e v er ,  
and i s  shown in  f i g u r e  3 ( a )  and ( b ) .
M ic r o s c o p ic  s u r f a c e s ,  f o r  ex a m p le , w h ich  ten d  to  b e  c r y s t a l i n e ,
2K i t t e l ,  C. E le m e n ta r y  S t a t i s t i c a l  Phy s i c s . New York: Joh n
W ile y  and Sons I n c . ,  1 9 5 8 .
^Thompson, W ilb u r E . M easurem ents  and Power S p e c t r a  o f  Runway 
R o u g h n ess  a t  A ir p o r t s  in  C o u n tr ie s  o f  th e  N orth  A t l a n t i c  T r e a ty  
O r g a n iz a t io n .  NACA TN 4 3 0 3 , J u l y  1 9 5 8 .
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m ig h t b e  e x p e c te d  to  d e p a r t  som ewhat from  t h i s  d i s t r i b u t i o n .  I t  may 
a l s o  b e  n o te d  t h a t  th e  d i s t r i b u t i o n  r e p r e s e n t e d  b y  e q u a t io n  C l)  and  
shown in  f i g u r e  3 ( a )  and ( b )  t e r m in a te s  a t  v a lu e s  o f  a  o f  +t t / 2  
and - t t / 2 ,  t h a t  i s ,  v a lu e s  o f  |c c  g r e a t e r  th an  t t / 2  a r e  n o t  p e r m it t  
On th e  o th e r  h a n d , a  g r a n u la r  s u r f a c e ,  a s u r f a c e  w ith  p i t s ,  o r  a 
s u r f a c e  w ith  p a r t i c l e s  r e s t i n g  on  th e  a v e r a g e  s u r f a c e  c o u ld  h a v e  v a lu e s
o f a  J g r e a t e r  th a n  ir /2  b u t l e s s  th a n  t t .  T h is  w ould  s u g g e s t  a  
p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  f u n c t io n  o f  th e  form
tan^  a /2  
2 cr^
pn ( t a n  a / 2 )  = e____________  ^2)
ct ySrT
The d i s t r i b u t i o n  pn ( t a n  a / 2 )  v e r s u s  a  i s  p l o t t e d  i n  f i g u r e  4 ( a )  
and ( b ) .  The p r o b a b i l i t y  f u n c t io n  i b r  a f o r  th e  d i s t r i b u t i o n  g iv e n  
i n  e q u a t io n  ( 2 )  may b e  d e te r m in e d  in  th e  f o l l o w i n g  way:
The p r o b a b i l i t y  o f  f i n d i n g  ta n  a / 2  b e tw e e n  ta n  a ^ /2  and  
ta n  a 2/ 2  i s  g iv e n  b y ,
ta n  a 2/ 2
? n a i / 2 — *~tan a 2/2 ~ | = ^ /p n( t a n  a / 2 )  d( ta n  a / 2 )
ran a ^ /2
The p r o b a b i l i t y  o f  f in d in g  a b e tw e e n  a^ and a 2 i s  g iv e n  b y ,
p (a )  da
p E 1- " 2] = /
^ a -'1
O b v io u s ly ,
P JjIjl—^  a2 J  = Pn J~tan a ^ /2  — t an a2 / 2
T h e r e fo r e ,
p ( a )  da
> ^ t a n  0 2 / 2  
J pn ( t a n  a / 2 )  d ( t a n  a / 2 )  
ta n  a j / 2
a n d , a s  a£ -  a ^ -^ -O , (a n d  h e n c e , a s  ta n  t t£ /2 -  ta n  a ^ /2 —**0) 
p ( a )  Aa = pn ( t a n  a / 2 )  A (ta n  a / 2 )
o r ,
T h u s ,
o r ,
( 3 )
2 0  y/21r
p ( a )  i s  p l o t t e d  v e r s u s  a  i n  f i g u r e  5 ( a )  and ( b ) .
The am ount o f  l i g h t  b e in g  r e f l e c t e d  i n  a g iv e n  d i r e c t i o n  from  a 
s u r f a c e  e le m e n t  i s  d e te r m in e d  from  th e  p r o b a b i l i t y  t h a t  th e  s u r f a c e  w i l l  
h a v e  th e  r e q u ir e d  a n g le s  f o r  e q u a l a n g le s  o f ^ in c id e n c e  and r e f l e c t i o n  
f o r  th e  g iv e n  d i r e c t i o n .  The p r o b a b i l i t y  d e n s i t y  f u n c t io n  p ( a ) , 
e q u a t io n  3 ,:  h ow ever c a n n o t  b e  u s e d  d i r e c t l y  in  th e  form  g iv e n  b e c a u s e ,  
a lth o u g h  th e  l o c a l  s u r f a c e  a lern en ts  may b e  i n c l i n e d  a t  a n g l e s  g r e a t e r  
th a n  tt/ 2  , th e  o n ly  a n g le s  w h ich  c o u ld  r e c e i v e  and r e f l e c t  th e  d i r e c t  
r a y s  o f  l i g h t  f o r  a f l a t  s u r f a c e ,  f o r  ex a m p le , w ould  b e b e tw e e n  + tt/ 2  
and -  tt/ 2 ,  w here i s  th e  a n g le  o f  in c id e n c e  o f  t h e  in co m in g
l i g h t .  H e n c e , th e  a p p ro a ch  u s e d  i n  t h i s  p ap er w i l l  b e  to  t e r m in a te  th e  
p r o b a b i l i t y  f u n c t io n  to  b e  u se d  a t  th e  a p p r o p r ia te  v a lu e s  o f  a  f o r  ea ch  
v a lu e  o f  c o n s id e r e d .  The f u n c t i o n  w i l l  th e n  b e  r e - n o r m a l iz e d .
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F u rth erm o r e , when a ^ 0£ + t t / 2  o r  when a  \ e i  -  t t / 2  th e r e  
w ou ld  b e  a shadow  c a s t  b y  th e  e le m e n t  w hich  w ou ld  e x c lu d e  a p o r t io n  o f  
th e  a d j a c e n t  s u r f a c e  from  c o n s id e r a t io n  r e g a r d l e s s  o f  th e  i n c l i n a t i o n  
o f  th e  a d j a c e n t  s u r f a c e .  T hus, th e  p r o b a b i l i t y  d i s t r i b u t i o n  to  b e  
u s e d  m ust f u r t h e r  b e  a l t e r e d  b y  th e  p r o b a b i l i t y  o f  an e le m e n t  b e in g  
sh a d ed  b y  an a d ja c e n t  e le m e n t  w h ich  h a s  an a n g le  g r e a t e r  th a n  0^ + t t / 2  
o r  l e s s  th a n  0^ -  t t / 2 . A lth o u g h  i t  i s ,  o f  c o u r s e ,  p o s s i b l e  th a t  a 
shjLdow c o u ld  a f f e c t  th e  r e s u l t s  f o r  many a d j a c e n t  e le m e n ts ,  o n ly  th e  
e f f e c t  on  t h e  im m ed ia te  a d ja c e n t  e le m e n t  i s  c o n s id e r e d  in  th e  p r e s e n t  
t r e a tm e n t .  F ig u r e  6 i l l u s t r a t e s  th e  g eo m etry  in v o lv e d .  The e f f e c t i v e  
p r o b a b i l i t y  o f  a w h ich  i n i t i a l l y  i s  g iv e n  b y  p(ct) m ust b e  a l t e r e d  
f o r  u s e  i n  th e  p r e s e n t  a n a l y s i s  and th e  amount i s  s e e n  to  b e  r] p (c t) , 
w h ere  r) i s  th e  f r a c t i o n  o f  Ax t h a t  i s  sh a d e d  from  th e  i n c i d e n t  
r a d i a t i o n .  From th e  g e o m e tr y  in v o lv e d  i t  i s  r e a d i l y  s e e n  t h a t ,
1 + ta n  ta n  
1 + ta n  6^ ta n  a x
when ^  + and a x  ^  0-^  ~ ir /2
and,
_ 1 + ta n  6^ tan
^ 1 + ta n  0^ ta n  a x
when “ tt/ 2  and a x  ^  ~ tt/ 2
T h u s, th e  v a lu e  o f  p(<xx ) m ust b e  c o r r e c t e d  by  C l-r]) t im e s  th e  
a g g r e g a te  p r o b a b i l i t y  o f  b o th  a x  and o-x+i f o r  a l l  p o s s i b l e  v a lu e s  
o f  a-x+ i. F o l lo w in g  t h i s  a p p ro a ch , th e  d i s t r i b u t i o n s  o f  f i g u r e  5 ( a )  
and ( b )  h a v e  b e e n  t e r m in a te d  a t  th e  a p p r o p r ia t e  v a lu e s  o f  a x  c o r r e s ­
p o n d in g  to  th e  s e l e c t e d  v a lu e s  o f  0 ^ . The d i s t r i b u t i o n s  h a v e  th e n
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b e e n  c o r r e c t e d  f o r  th e  sh a d o w in g  e f f e c t  and h a v e  th e n  b e e n  r e - n o r m a l iz e d  
and th e  r e s u l t s  a r e  p r e s e n te d  in  f i g u r e  7 ( a )  th ro u g h  ( j ) .  I t  may b e  
n o te d  t h a t  m u l t ip l e  r e f l e c t i o n s  and th e  shadow  e f f e c t  on  m u l t ip le  
a d j a c e n t  e le m e n ts  h a v e  n o t  b e e n  c o n s id e r e d  in  th e  p r e s e n t  a n a l y s i s .
I t  w o u ld  b e  e x p e c te d  th a t  th e  p r o b a b i l i t y  o f  t h e i r  e f f e c t s  w ou ld  b e  
s m a ll  b u t  a l s o  o p p o s i t e  and w o u ld  te n d  to  co m p e n sa te . The d i s t r i b u t i o n s  
o f  f i g u r e  7 ( a )  th ro u g h  ( j )  a r e  th e  form  t h a t  w i l l  b e  u se d  to  c a l c u l a t e  
t h p  r e l a t i v e  lu m in a n c e  o f  s e v e r a l  sa m p le  c a s e s .
1 0
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DISTRIBUTION OF REFLECTED LIGHT FROM 
A FLAT DIFFUSE SURFACE 
A p o in t  s o u r c e  o f  l i g h t ,  an o b s e r v a t io n  p o in t  and a d i f f u s e  
r e f l e c t i n g  s u r f a c e  i s  c o n s id e r e d  a s  r e p r e s e n t e d  in  f i g u r e  8 ( a ) .  L e t  
u s  exam in e th e  d i s t r i b u t i o n  o f  l i g h t  r e f l e c t e d  from  th e  p o in t  A. The 
p r o b a b i l i t y  o f  f i n d i n g  r e f l e c t e d  l i g h t  p a s s in g  th ro u g h  a s m a ll w indow  
a t  O* a t  0^ and <p2 i s  th e  sam e a s  th e  p r o b a b i l i t y  o f  f in d in g  t h e  
e le m e n t  o f  s u r f a c e  a t  A i n c l i n e d  a t  a n g le s  b e tw e e n  a x  and a x  + Aax  
and b e tw e e n  a 2 and a 2 + Aaz  w hich  b y  th e  la w  o f  r e f l e c t i o n  y i e l d s  
e q u a l a n g le s  o f  in c id e n c e  and r e f l e c t i o n  on th e  e le m e n t .  For 
c o n v e n ie n c e ,  l e t  u s  c o n s id e r  o n ly  th e  tw o -d im e n s io n a l p ro b lem . We 
w i l l  p la c e  th e  o b s e r v e r  in  th e  p la n e  w h ich  c o n t a in s  th e  p o in t  s o u r c e ,  
th e  s u r f a c e  e le m e n t  a t  A and i s  p e r p e n d ic u la r  to  th e  d i f f u s e  s u r f a c e ,  
s e e  f i g u r e  8 ( b ) .  T h is  may b e  a c c o m p lish e d  b y  l e t t i n g  <p2 *= 0 , h e n c e  
<x2 = 0 .  T hus, l e t  u s  exam in e th e  d i s t r i b u t i o n  o f  r e f l e c t e d  l i g h t  i n  
th e  s e l e c t e d  p la n e .  (T h e more g e n e r a l  d i s t r i b u t i o n  i n  o t h e r  p la n e s  may 
b e  o b t a in e d  f o l l o w i n g  th e  ap p roach  o f  th e  p r e s e n t  s p e c i f i c  d e r i v a t i o n . )
The d i s t r i b u t i o n  r a d i a l l y  i n  th e  p la n e  around t h e  p o i n t  A is d e te r m in e d
from  th e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  th e  s u r f a c e  a n g le  and th e  g eo m et­
r i c a l  o p t i c s  in v o lv e d .  H ie  r e l a t i o n  b e tw e e n  a. , 6 and Gn i s  s e e n
to  b e ,
ta n  ( 2 a x  -  0 )  = ta n  0 - 2  ta n  0n ( 4 )
and a l s o ,
2 a x  = $  +  ©i
0^ i s  p l o t t e d  i n  term s o f  0 f o r  s e v e r a l  v a lu e s  o f  0n  in  f i g u r e  9 .
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The i l lu m in a n c e  a t  th e  s u r f a c e  o f  th e  in co m in g  o r  i n c i d e n t  
r a d i a t i o n  i s  assum ed  to  b e  E j ,  in  lu m en s p er  s q u a r e  m e te r . The t o t a l  
lu m in o u s  f l u x  i n c i d e n t  upon th e  s u r f a c e  e le m e n t  i s  E j t im e s  th e  
p r o j e c t e d  a r e a  o f  th e  e le m e n t  norm al to  th e  d i r e c t i o n  o f  E j .  T h is  
i s  s e e n  to  b e ,
Et Ax  Az  c o s  (@R + ® i )
A*I = ____________________ 2
c o s  ax
(a „  = 0 )  The s u r f a c e  i s  assum ed to  h a v e  a l o c a l  r e f l e c t i o n  c o e f f i c i e n t  
o f  p . T hus, t h e  t o t a l  f l u x  r e f l e c t e d  from  th e  e le m e n ta l  s u r f a c e  i s ,  
A fR = p A fz
The amount o f  l i g h t  r e f l e c t e d  b y  an e le m e n t in  a g iv e n  d i r e c t i o n  i s  
g iv e n  b y  th e  am ount o f  l i g h t  r e f l e c t e d  from  th e  e le m e n t  t im e s  th e
p r o b a b i l i t y  t h a t  th e  e le m e n t  w i l l  h a v e  th e  c o r r e c t  v a lu e s  o f  a x  and
a 2 , t h a t  i s ,
p Ej Ax Az c o s  ( %  + Qj) P c ( a x )  Pc C<x2 ) Aax  Aaz
A fR =---   5-----------------------_--------------------- _
c o s  a x
The lu m in o u s  i n t e n s i t y  o f  th e  e le m e n t  i n  th e  g iv e n  d i r e c t i o n  i s  g iv e n  
a s ,  Afj^/ Aw* Aw i s  th e  number o f  s t e r a d iu n s  ii* th e  r e f l e c t e d  co n e  
and i s  s e e n  to  b e ,
Aw =  4  A ax  A a z
The lu m in o u s  i n t e n s i t y  i s  th u s ,
8 Et Ax  Az  c o s  (  $R + e D  p ( a  )  p  ( a  )A fR r X     c  X c z
Aw 4 c o s  a x
The lu m in a n c e  o f  th e  e le m e n t  i n  th e  r e f l e c t i o n  d i r e c t i o n  Oft i s ,
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Ej a t  th e  s u r f a c e  i s  p r o p o r t io n a l  to  EQ co s^ 0 ^ , w h ere  EQ i s  th e  
maximum i l lu m in a n c e  a t  th e  s u r f a c e ,
I h e  a p p a r e n t  lu m in a n c e  o f  a s u r f a c e  to  an o b s e r v e r  a t  a f i x e d  
l o c a t i o n  may b e  o b t a in e d  fro m  th e  r e l a t i o n  b e tw e e n  t h e  a n g le s  0 ,
0 , ( s e e  f i g u r e  9 ) ,  th e  a p p r o p r ia te  p r o b a b i l i t y  d e n s i t y  f u n c t io n
( f i g u r e  7 ( a )  th ro u g h  ( j ) ) ,  and e q u a t io n s  4 ,  5 ,  and 6 .
Some r e s u l t s  a r e  p r e s e n te d  i n  f i g u r e  10  ( a ) ,  ( b ) ,  and ( c )  f o r  
s e v e r a l  o b s e r v e r  l o c a t i o n s ,  0n , v ie w in g  a n g l e s ,  0 ,  and s u r f a c e  d i f f u s i v i t y  
f a c t o r s ,  cr. F or p e r f e c t  r e f l e c t i o n  th e  a p p a r e n t  lu m in a n c e  w ould  b e  
a maximum w hen,
e = en
For th e  d i f f u s e  r e f l e c t i o n  a s  c o n s id e r e d  i n  t h i s  p a p e r , th e  maximum 
i s  s e e n  ( f i g u r e  1 0  ( a ) ,  ( b )  and ( c ) )  to  o c c u r  o,t a v a lu e  o f  Q g r e a t e r  
th a n  0^, A ls o ,  a s  0^ i s  in c r e a s e d ,  th e  i n t e n s i t y  d i s t r i b u t i o n  
b ecom es u n sy m m e tr ic a l and te n d s  t o  b e  more s h a r p ly  peaked*
DISTRIBUTION OP REFLECTED LIGHT FROM 
A SPHERICAL DIFFUSE SURFACE
The c a s e  o f  r e f l e c t i o n  from  a s p h e r i c a l  s u r f a c e  i l lu m in a t e d  b y
p a r a l l e l  l i g h t  i s  i l l u s t r a t e d  i n  f i g u r e  1 1 .  The tw o -d im e n s io n a l c a s e
i s  a g a in  c o n s id e r e d .  P a r a l l e l  r a y s  from  th e  s u n , f o r  ex a m p le , a r r i v e  
from  a b o v e  and a r e  r e f l e c t e d  from  th e  s p h e r e  o f  r a d iu s  R to  an 
o b s e r v a t io n  p o in t  O l o c a t e d  a t  an a n g le  0a  from  th e  p a r a l l e l  r a y s  
and a t  a d i s t a n c e  S from  th e  c e n t e r  o f  th e  s p h e r e . F ig u r e  11 i s  in  
a p la n e  w h ich  p a s s e s  th rou gh  th e  c e n t e r  o f  th e  s p h e r e ,  th e  su n , and  
th e  o b s e r v a t io n  p o i n t .  As b e f o r e ,  i t  i s  s e e n  th a t  f o r  l i g h t  to  a r r i v e  
a t  t h e  o b s e r v a t io n  p o in t  r e f l e c t e d  from  th e  p o in t  A on th e  s p h e r e ,  
t h a t  th e  l o c a l  s u r f a c e  a t  A m ust b e  p e r p e n d ic u la r  to  th e  p la n e  o f  
f i g u r e  11 and m ust b e  i n c l i n e d  to  th e  ta n g e n t  p la n e  a t  an a n g le  a-j- 
w h ich  w i l l  r e s u l t  i n  e q u a l a n g le s  o f  in c i d e n c e  and r e f l e c t i o n  r e l a t i v e  
to  th e  e le m e n t . The p r o b a b i l i t y  o f  r e c e i v i n g  l i g h t  a t  A i s  a g a in  
e q u a l to  th e  a g g r e g a t e  p r o b a b i l i t y  o f  th e  o c c u r r e n c e  o f  b o th  and
a 2 . As b e f o r e ,  a 2 i s  ta k en  to  b e  z e r o .  The r e l a t i o n  b e tw een  0,
0£ , and 0a  i s  fo u n d  to  b e ,
S s i n  0 = R s i n  ( 0  + Ga + Q±)
w here a t  can b e  d e te r m in e d  fr o m ,
2 at - 6 + ea + 2 e±
0j[ i s  show n a s  a f u n c t io n  o f  0 f o r  v a r io u s  o b s e r v a t io n  a n g le s ,  0 a  
in  f i g u r e  12 ( a )  and ( b )  f o r  f i x e d  v a lu e s  o f  S /R .
The e x p r e s s io n  f o r  th e  lu m in a n c e  o f  th e  s u r f a c e  f o r  th e  assum ed
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d i s t r i b u t i o n s  o f  s u r f a c e  a n g le  i s  a g a in  g iv e n  b y  e q u a t io n  6 .
L s  |  P c (a t^ Pc^az^
The lu m in a n ce  o f  a narrow  s t r i p  a lo n g  th e  g r e a t  c i r c l e  i n  th e  p la n e  o f
t h e  o b s e r v e r ,  th e  su n  and th e  c e n t e r  o f  th e  sp h e r e  f o r  a v ie w in g  a n g le ,
0 a  , o f  0 °  and S /R  o f  11 i s  shown in  f i g u r e  13 ( a )  and f o r
©a  = 30° and f o r  S /R  = 11 in  f i g u r e  13  ( b ) .  I t  i s  o f  i n t e r e s t  to  n o te
t h a t  f o r  l a r g e  v a lu e s  o f  cr a s  shown i n  f i g u r e  13  ( a ) ,  th a t  th e  
lu m in a n c e  o f  th e  s u r f a c e  in c r e a s e s  a s  th e  lim b s  a r e  a p p ro a ch ed . The 
v a lu e s  o f  cr u s e d  in  f i g u r e  13 (b )  w ere s e l e c t e d  to  c o r r e sp o n d  to  
v a l u e s  fo u n d  e x p e r im e n t a l ly  f o r  th e  p h y s i c a l  s u r f a c e s  d e s c r ib e d  in  th e  
n e x t  s e c t i o n .
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EXPERIMENTAL RESULTS
P h o to g ra p h s  w ere  ta k e n  i n  a dark  room h a v in g  b la c k  ( n o t  c o l d )  
w a l l s  o f  a s p h e r e  i l lu m in a t e d  b y  a d i s t a n t  p o in t  s o u r c e  o f  l i g h t .  The 
e x p e r im e n ta l  a rra n g em en t i s  i l l u s t r a t e d  in  f i g u r e  1 4 .  The p h o to g r a p h s  
o f  a  h ig h ly  p o l i s h e d  s p h e r e ,  th e  same s p h e r e  w ith  a so a p  f i l m  to  a c t  
a s  a d u l l i n g  a g e n t ,  and th e  sp h e r e  p a in te d  w ith  f l a t  w h ite  p a in t  a r e  
show n in  f i g u r e  15* ( a ) ,  ( b ) ,  and ( c )  r e s p e c t i v e l y .  The e x p o s u r e  and  
d e v e lo p m e n t t im e s  w ere  h e ld  n e a r ly  c o n s t a n t  f o r  th e  th r e e  p h o to g r a p h s .
The m easu red  maximum a n g u la r  d ia m e te r s  f o r  th e  p o l i s h e d  and d u l l  s p h e r e s  
w e r e  u se d  to  c a l c u l a t e  th e  e f f e c t i v e  d i s p e r s i v e  power o f  th e  s u r f a c e .
The ta n g e n t  o f  th e  maximum a n g u la r  r a d iu s  o f  th e  im age was u s e d  to  
d e te r m in e  an e f f e c t i v e  ” 30*' v a lu e .  The v a lu e  o f  o  f o r  th e  p o l i s h e d  
s p h e r e  was fo u n d  to  b e  . 0 0 7 .  For th e  d u l l  s p h e r e  cr was fo u n d  to  b e  
a p p r o x im a te ly  .0 5  and th e  w h ite  s p h e r e  r e p r e s e n t e d  a v a lu e  o f  cr 
a b o v e  . 3 .  (D o u b lin g  th e  e x p o su r e  t im e  f o r  th e  d u l l  sp h e r e  o n ly  s l i g h t l y  
a f f e c t e d  th e  maximum a n g u la r  r a d iu s ,  h e n c e  th e  e x p o su r e  and d e v e lo p m e n t  
t im e s  w ere c o n s id e r e d  a d e q u a te  to  d e te r m in e  an e f f e c t i v e  f,3cr" v a l u e . )  
Q u a lita tiv -r ,* .y , i t  ca n  b e  s e e n  t h a t  th e  r e s u l t s  o f  th e  a n a l y s i s ,  f i g u r e  13  
( b ) , w h ich  was made f o r  th e  ab o v e  th r e e  v a lu e s  o f  cr, a g r e e  w e l l  w ith  
th e  d i s t r i b u t i o n s  a s  d ed u ced  from  th e  d e n s i t i e s  o f  th e  p h o to g r a p h s  o f  
f i g u r e  15  ( a ) ,  ( b ) ,  and ( c ) .
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CONCLUDING REMARKS,
The p r e s e n t  i n v e s t i g a t i o n  p r e s e n t s  p r o c e e d u r e s  f o r  co m p u tin g  th e  
v i s i b i l i t y  o f  an o b j e c t  i n  s p a c e  i l lu m in a t e d  b y  o n ly  th e  d i r e c t  r a y s  
from  th e  s u n . Sam ple c o m p u ta t io n s  in d i c a t e  t h a t  th e  v i s u a l  a p p ea ra n ce  
o f  an o b j e c t  in  s p a c e  ca n  b e  g r e a t l y  en h an ced  b y  means o f  d i f f u s e  s u r ­
f a c e s ,  I t  a p p ea rs  t h a t  f o r  a s u r f a c e  o f  a v e r a g e  d i f f u s i v i t y  and f o r  
p r a c t i c a l  d i s t a n c e s  and s p a c e  v e h i c l e  s i z e s ,  t h a t  a l l  th e  s u r f a c e  t h a t  
i s  i l lu m in a t e d  and in  th e  d i r e c t  l i n e  o f  s i g h t  w ou ld  b e  e a s i l y  v i s i b l e .  
The ta s k  o f  m a in ta in in g  a d i f f u s e  c o a t in g  in  a s p a c e  en v ir o n m en t may 
r e q u ir e  d e v e lo p m e n t w ork , h o w e v er , i t  w ou ld  n o t  ap p ear to  b e  an u n u s u a l ly  
d i f f i c u l t  p ro b lem . The u s e  o f  s p e c i a l  s u r f a c e s  su ch  a s  f l u o r e s c e n t  o r  
p h o s p h o r e s c e n t  c o a t in g s  w ould  a l s o  b e  e x p e c te d  to  in c r e a s e  th e  v i s i b i l i t y  
w h i le  th e  u s e  o f  a u x i l i a r y  l i g h t s  o r  s p e c i a l  r e f l e c t i n g  d e v ic e s  w ou ld  
r e s u l t  i n  f u r t h e r  im p ro v em en ts .
5 6I t  may b e  rem arked t h a t  r a d a r  m easu rem en ts o f  th e  lu n a r  s u r f a c e  * 
h a v e  in d ic a t e d  t h a t  c e r t a i n  c h a r a c t e r i s t i c s  o f  f a d in g  and s u r f a c e  
d i s t r i b u t i o n s  o f  r e t u r n in g  s i g n a l s  ca n  b e  a c c o u n te d  f o r  o n ly  i f  th e  lu n a r
s u r f a c e  a c t s  l i k e  a ro u g h  s c a t t e r i n g  s u r fa c e *  boxupnt&irons w ere th u s  
made u s in g  th e  m eth od s o f  t h i s  p a p er  f o r  th e  lu n a r  s u r f a c e .  V a lu e s  o f  
a  and {3 w ere assum ed  and v a l u e s  c o u ld  b e  fo u n d  t h a t  g a v e  e x c e l l e n t  
a g reem en t f o r  th e  d i s t r i b u t i o n s  and m a g n itu d es  o f  r e f l e c t e d  l i g h t  f o r  
th e  f u l l  moon, h o w ev er  th e  m ethod  f a i l e d  to  p r e d ic t  th e  i n t e n s i t y  o f
^ T r e x le r ,  J .  H. Lunar R ad io  E c h o e s . P r o c . IRE, v .  4 6 ,  1 9 5 8 .
^K err, F . J .  and S h a in ,  C . A . Moon E ch oes and T r a n s m is s io n  th rou gh  
t h e  I o n o s p h e r e .  P r o c . IRE, v .  3 9 , 1 9 5 1 .
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r e f l e c t e d  l i g h t  a s  a  f u n c t io n  o f  lu n a r  p h a s e . T h is  w ou ld  s u g g e s t  t h a t
t h e  lu n a r  s u r f a c e  h a s  u n s u a l c h a r a c t e r i s t i c s .  To e x p la in  t h i s  i t
7 8h a s  b een  s u g g e s t e d  * t h a t  th e  lu n a r  s u r f a c e  i s  c o v e r e d  w ith  v e r y  s m a ll  
p i t s ,  ( p o s s i b l y  e l l i p s o i d a l  sh a p e d  p i t s )  I t  h a s  a l s o  b e e n  s u g g e s te d ^  
t h a t  th e  i n f l u x  o f  s o l a r  c o r p u s la r  r a d ia t i o n  m ig h t p ro d u ce  s p u t t e r in g  
w hich  c o u ld  s i n t e r  d u s t  g r a in s  on  th e  lu n a r  s u r f a c e .  T h is  m ig h t p r o d u ce  
a " b ead ed  s c r e e n f ’ e f f e c t  t h a t  w o u ld  p r e d ic t  a v a r i a t i o n  in  i n t e n s i t y  
w ith  lu n a r  p h a se , y e t  g iv e  a u n ifo r m  d i s t r i b u t i o n  a c r o s s  th e  lu n a r  
s u r f a c e .  A d d i t io n a l  d a ta  a r e  r e q u ir e d  b e f o r e  th e  c h a r a c t e r  o f  th e  
lu n a r  s u r f a c e  ca n  b e  d e f in e d .
7
S tr u v e ,  O t t o .  Pho tome t r y  o f  th e  Moon,. Sky and T e le s c o p e ,  v .  IOC 
N o. 2 .  C am bridge: Sky P u b l i s h in g  C o r p o r a t io n ,  1 9 6 0 .
O
B o b r o v n ik o f f .  N. T . N a tu r a l E n v iron m en t o f  t h e  Moon. WADC 
P h a se  T e c h n ic a l  N o te  3 , J u n e , 1 9 5 9 .
9
W h ip p le , F . L . On th e  Lunar D u st L a y er . V i s t a s  in  A s t r o n a u t i c s ,  
v .  2 ,  1 9 5 9 .
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SYMBOLS
Bj i l lu m in a n c e ,  lu m e n s /C m e te r )2
E0 maximum i l lu m in a n c e  (  © i = 0 ) ,  lu m e n s /(m e te r )
A fj  in c i d e n t  lu m in o u s  f l u x ,  lum ens
A f^ r e f l e c t e d  lu m in o u s f l u x ,  lum ens
L lu m in a n c e , c a n d l e s / ( m e t e r ) 2
pC ) p r o b a b i l i t y  d e n s i t y  f u n c t io n
pc C )  c o r r e c t e d  p r o b a b i l i t y  d e n s i t y  f u n c t io n
pn ( )  n orm al p r o b a b i l i t y  d e n s i t y  f u n c t io n
p£a*L—». a^J p r o b a b i l i t y  o f  s u r f a c e  e le m e n t a n g le s  b e tw e e n  and
R r a d iu s  o f  s p h e r e ,  m e te r s
S d i s t a n c e  o f  o b s e r v a t io n  p o in t  fro m  c e n t e r  o f  s p h e r e ,  m e te r s
x ,  y , z  c o o r d in a t e  a x e s
A x, Az in c r e m e n ta l  d im e n s io n s  o f  p r o j e c t i o n s  on x z  p la n e  o f
s u r f a c e  e le m e n t ,  m eters
a ,  a ^ , <*2 a n g le  o f  s u r f a c e  e le m e n t  r e l a t i v e  to  th e  a v e r a g e  s u r f a c e ,  de
a x» a z  a n g le  o f  s u r f a c e  e le m e n t  r e l a t i v e  to  x  and z  a x e s ,  d e g r e
a .^ 2  a n g le  o f  a d j a c e n t  s u r f a c e  e le m e n t  r e l a t i v e  to  x  a x i s ,  d egr
a n g le  o f  s u r f a c e  e le m e n t  on s p h e r e  r e l a t i v e  to  ta n g e n t  
p la n e ,  d e g r e e s
{3 s u r f a c e  r e f l e c t i o n  c o e f f i c i e n t  ( r a t i o  o f  r e f l e c t e d  f l u x  to
in c i d e n t  f l u x )
r) f r a c t i o n  o f  s u r f a c e  e le m e n t  sh a d e d  b y  a d j a c e n t  e le m e n t
0 v ie w in g  a n g le ,  d e g r e e s
0 a  d i r e c t i o n  a n g le  o f  o b s e r v e r  from  s p h e r e ,  d e g r e e s
19
0^ a n g le  o f  i n c i d e n t  l i g h t ,  m easured  c o u n t e r c lo c k w is e  from  th e
p e r p e n d ic u la r  to  th e  a v e r a g e  s u r f a c e ,  d e g r e e s
0n  a n g le  o f  p e r f e c t  r e f l e c t i o n  f o r  f l a t  s u r f a c e ,  d e g r e e s
6ft a n g le  o f  r e f l e c t e d  l i g h t  r e l a t i v e  to  p e r p e n d ic u la r  to
th e  a v e r a g e  s u r f a c e ,  d e g r e e s
a  s ta n d a r d  d e v i a t i o n  o r  d i f f u s i v i t y  f a c t o r
cpz  a n g le  o f  o b s e r v e r s  p la n e  r e l a t i v e  to  x y  p la n e ,  d e g r e e s
Aw s o l i d  a n g le ,  s t e r a d ia n s
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